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GRAPHENE FIELD EFFECT TRANSISTORS
FOR DETECTION OF IONS

RELATED APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application No. 62/645,907, filed on Mar. 21, 2018,
the entire contents of which are incorporated herein by
reference.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH

This imnvention was made with Government support under
Grant No. CBET-1606882 and Grant No. CBET-1029346,
both awarded by the National Science Foundation. The
Government has certain rights in the mvention.

BACKGROUND

Sensors based on graphene, exploiting its outstanding
material properties, including remarkably high charge car-
rier mobility, very high surface to volume ratio, and very low
Johnson noise, are currently of strong technological interest
in chemical, electrical, environmental, and biosensing appli-
cations since the adsorbed molecules can readily affect its
conductivity through charge transier. Graphene, being
essentially a surface, 1s extremely sensitive to changes in
surface charge, or interaction with 1onic adsorbates, present-
ing 1tsell as an excellent material to develop 10n sensitive
field effect transistors (ISFETs). The vast majority of the
ISFETs demonstrated so far focus on the detection of W 10ns
utilizing various surface functionalization layers. Although
somewhat more challenging, due to the requirement of
selective functionalization layers, detection of metal 1ons
(especially those of alkali metals such as lithtum, sodium,
potassium, etc. and alkaline earth metals such as magne-
sium, calcium, etc.) are of high significance due to their
important role in cell physiological processes. Meanwhile,
detection of transition metal 10ns (such as those of cadmium)
can be useful 1n environmental toxicology applications.

For instance, elevations in biological levels of K™ ions
precede the onset of sudden cardiac death, epileptic seizures
and other clinical problems. However, the time course and
magnitude of these changes in extracellular K™ ions 1s yet
unknown. Therefore, the development of implantable
K*-sensitive sensor devices could be of great use in pre-
dicting the onset of myocardial infarctions and seizures. In
addition, ISFETs could present a noninvasive and biocom-
patible technology for measuring K™ efflux from primary
and stem-cell derived cells that are used for toxicological
and drug discovery testing. Si-based ISFETs are already
commercially available, although they suffer from several
drawbacks. One of the major challenges with the Si-based
ISFETs 1s that 1ons (1.e. H+, OH-) typically migrate into the
oxide (accumulating at the S10,/S1 interface) and change the
threshold voltage of the FET, leading to their degradation
over time with repeated usage.

As such a need exists for an improved ISFET that 1s
stabile yet that still exhibits high selectivity for the 10on that
the ISFET 1s designed to detect. The present inventors have
found that graphene oflers an excellent opportunity to
address this limitation of Si-based 1on sensors in that gra-
phene provides a surface that 1s impervious to 1ons. Even
more significantly, graphene synthesized by chemical vapor
deposition (CVD) on copper foil can be transierred to
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various substrates ol choice (including but not limited to
than S10,/S1), which helps to avoid this 1ssue of 10n accu-

mulation and associated device degradation completely. In
addition, the present inventors have found that the ISFETSs
contemplated by the present invention can be fabricated 1n
such a manner that the 1on-selective membrane 1s highly
stable on the graphene layer. In addition, the present imnven-
tors have found that the ISFETs of the present invention can
be 1incorporated 1nto an array such that multiple parameters
can be tested with a single test apparatus and solution,
allowing for high throughput analysis for drug screening and
toxicity assays. Additionally or alternately, the array can
enable mapping out the K™ ion spatial concentration varia-
tion 1n real time.

SUMMARY OF THE INVENTION

Objects and advantages of the invention will be set forth
in part 1n the following description, or may be obvious from
the description, or may be learned through practice of the
invention. The mvention will be described 1n greater detail
below by reference to embodiments thereof illustrated in the
figures.

In one particular embodiment of the present invention, a
graphene 1on selective field eflect transistor (GISFET) 1s
provided. The 10n sensitive field ellect transistor includes a
substrate; a graphene film disposed on the substrate; and an
ion selective membrane disposed on the graphene film,
where the 10n selective membrane comprises an 1onophore,
a lipophilic salt, and a polymer having a molecular weight
ranging from about 100,000 Daltons to about 200,000
Daltons.

In one embodiment, the polymer can have a glass tran-
sition temperature ranging from about —-20° C. to about —60°
C.

In another embodiment, the polymer can be a block
copolymer having a continuous amorphous phase and a
discontinuous crystalline phase. Further, the continuous
amorphous phase can include n-butyl acrylate and the dis-
continuous crystalline phase can include methyl methacry-
late. In addition, the n-butyl acrylate can be present 1n the
polymer 1n an amount ranging from about 82 wt. % to about
977.5 wt. % and the methyl methacrylate can be present in the
polymer 1n an amount ranging from about 2.5 wt. % to about
18 wt. %.

In yet another embodiment, the 1on selective membrane 1s
selective for potassium 10ns, sodium 1ons, calctum 1ons, or
cadmium 1ons. For example, the 10n selective membrane can
be selective for potassium 10ns, and, in such an embodiment,
the 1onophore can include valinomycin.

In st1ll another embodiment, the lipophilic salt can include
potassium tetrakis (4-chlorophenyl) borate (K-TCPB),
sodium tetrakis (4-fluorophenyl) borate, sodium tetraphenyl
borate, ammonium tetrakis (chlorophenyl) borate, or a com-
bination thereof.

In one more embodiment, the 10nophore can be present 1s
present 1n an amount ranging from about 0.5 wt. % to about
4 wt. % of the total weight of the 1on selective membrane.

In an additional embodiment, the lipophilic salt can be
present 1n an amount ranging from about 0.1 wt. % to about
0.5 wt. % of the total weight of the 10n selective membrane.

In one embodiment, the polymer can be present in an
amount ranging from about 95 wt. % to about 99 wt. % of
the total weight of the 1on selective membrane.

In another embodiment, the 10n selective membrane can
have a thickness ranging from about 0.25 micrometers to
about 20 micrometers.
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In yet another embodiment, the graphene 1on selective
field eflect transistor can include a source contact and a drain
contact, where the substrate, the graphene film, the source
contact, and the drain contact are encapsulated, leaving a
portion of the 10on sensitive membrane exposed for receiving,
a test solution.

In still another embodiment, the graphene 1on selective
field efect transistor can be stable for at least two months.

In yet another embodiment, the graphene 1on selective
field effect transistor can detect 1ons at concentrations rang-
ing from about 0.5 micromolar to about 20 millimolar.

In one more embodiment, the graphene 10n selective field
ellect transistor can exhibit an 1on sensitivity of at least
about 50 millivolts/decade.

In an additional embodiment, the substrate can include
silicon, polyethylene terephthalate (PET), polyethylene
naphthalate (PEN), polyether ether ketone (PEEK), polyim-
ide (PI), or a combination thereof.

In another particular embodiment, 1on sensing device 1s
contemplated that includes the graphene 10n selective field
ellect transistor as described above, where the graphene 10n
selective field eflect transistor 1s mounted onto a printed
circuit board.

In an additional embodiment, an array that includes at
least two of the graphene 10n selective field eflect transistors
(GISFETS) as described above 1s provided.

In one more embodiment, a method of forming the
graphene 1on selective field effect transistor as described
above 1s provided. The method includes positioning the
graphene film on the substrate; depositing a source contact
and a drain contact on the graphene film; coating a solution
containing the 1onophore, the lipophilic salt, and the poly-
mer onto the graphene film to form the 10n selective mem-
brane; and encapsulating the graphene i1on selective field
ellect transistor, where a portion of the 1on selective mem-
brane 1s exposed.

These and other features, aspects and advantages of the
present mnvention will become better understood with refer-
ence to the following description and appended claims. The
accompanying drawings, which are incorporated i and
constitute a part of this specification, i1llustrate embodiments
of the mnvention and, together with the description, serve to
explain the principles of the invention.

L.

BRIEF DESCRIPTION OF THE

DRAWINGS

A 1ull and enabling disclosure of the present invention to
one skilled 1n the art, including the best mode thereot, 1s set
forth more particularly 1n the remainder of the specification,
including reference to the accompanying figures, in which:

FIG. 1 illustrates a perspective view of a graphene ion
sensitive field effect transistor (GISFET) contemplated by
the present mnvention.

FI1G. 2 illustrates a cross-sectional view of the GISFET of
FIG. 1, taken at line 2-2.

FIG. 3 1llustrates a top view of the GISFET of FIGS. 1 and
2 after the 1on sensitive field effect transistor has been
mounted onto a printed circuit board.

FIG. 4 1s a schematic illustrating the use of the GISFET
of the present invention to determine the 10n concentration
in a test solution.

FI1G. 3a 1s a graph 1llustrating the Raman spectroscopy of
a graphene layer transferred onto a silicon dioxide substrate,
showing good quality of graphene coverage, where the right
inset photograph 1s an atomic force microscopy (AFM)
image of the graphene layer, exhibiting smooth graphene
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layer surface and folds and the left inset graph 1s a line
profile of the graphene layer AFM 1mage.

FIG. 5b 1s a graph illustrating a graphene field effect
transistor’s mobility extraction, where the 1 -V, character-
1stic 1s measured from the graphene field eflect transistor
device and the plot shows graphene’s typical V-shaped
characteristics.

FIG. 5¢ 1s a graph illustrating a family of I -V, plots
when the back gate voltage (V,,) 1s varied.

FIG. 6a 1s a graph 111ustrat1ng the K™ sensing of the
graphene 1on selective field effect transistor of the present
invention 1 a distilled water-based electrolyte solution,
where Dirac points can be seen to shiit significantly as the
K™ concentration increases from 1 micromolar (uM) to 20
millimolar (mM).

FIG. 6b 1s a graph 1llustrating how the Dirac point shift
varies with K™ concentration change fairly linearly, showing
an average sensitivity of about 64 maillivolts/decade (64
mV/dec) for the least square fit.

FIG. 6c¢ 1s a graph 1llustrating the current change response
as the K™ concentration was changed in steps from distilled
water to 20 mM, where the fractional change in current used
to calculate sensitivity and time constant for sensing
response are calculated from exponential {its to the response
transients corresponding to each concentration change.

FIG. 7a 1s a graph 1llustrating the stable sensitivity of the
GISFET of the present mvention for sensing K™ ina 0.1 M
Tris-HCI1 solution (pH 7.4), where the sensitivity to K™ 1s
similar to the values achieved for the distilled water based
solution.

FIG. 7b 1s a graph illustrating that the GISFET with a
valinomycin polymer matrix coating 1s eflectively insensi-
tive to Na™ ions over the concentration range of 1 uM NaCl
to 1000 uM NaCl when the measurement was performed in
a distilled water-based solution, as can be inferred from the
overlapping I-V plots.

FIG. 7c¢ 1s a graph illustrating that the GISFET with a
valinomycin polymer matrix coating 1s eflectively insensi-
tive to Ca** ions over the concentration range of 1 uM
CaCl,) to 1000 uM CaCl,) when the measurement was
performed 1n a distilled water-based solution, as can be
inferred form the overlapping I-V plots.

FIG. 8a 1s a graph illustrating the sensitivity of the
GISFET of the present invention measured over a duration
of two months, showing a stable response with an average
sensitivity of 61 mV/dec and a standard deviation of 4.6
mV/dec.

FIG. 8b 1s a graph 1illustrating the 1on sensitivity of the
GISFET of the present invention on a flexible polyethylene
terephthalate (PET) substrate, where the GISFET exhibited
an average K™ 1on sensitivity of about 63 mV/dec over a
concentration range of 1 uM to 20 mM.

FIG. 8¢ 1s a graph comparing the 1on sensitivity of the
GISFET of the present invention on various substrates (e.g.,
silicon dioxide and PET) when the i1on sensitivity was
measured 1n distilled water, Tris-HCI, or NaCl.

FIG. 9 1s a schematic illustrating the use of the GISFET
of the present invention to determine the 1on efflux from
cells.

FIG. 10 1s a graph illustrating the increase 1in current over
time after activation of K i1on efflux from cells, where
calibration data can then be used to calculate the K* con-
centration from the GISFET device of the present invention.

FIG. 11a 1s an image showing the presence of cells grown
on an uncoated glass coverslip as visualized via the fluo-
rescent dye calcemn-AM.
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FIG. 115 1s an image showing the presence of cells grown
on graphene-coated coverslip as visualized via the fluores-

cent dye calcein-AM.

FIG. 12 1s a top view schematic of an array containing a
plurality of GISFETs as contemplated by the present inven-
tion, where the array enables testing of a variety of param-
cters.

FIG. 13a 1s a graph illustrating the I -V of the GISFET
A3 shown 1n FIG. 12.

FIG. 135 1s a graph illustrating the I -V of the GISFET
C3 shown 1n FIG. 12.

FIG. 13c¢ 1s a graph 1illustrating the I~V of the GISFET
B4 shown in FIG. 12.

Repeat use of reference characters 1n the present specifi-
cation and drawings 1s mntended to represent the same or
analogous features or elements of the present invention.

DETAILED DESCRIPTION

Reference now will be made to the embodiments of the
invention, one or more examples ol which are set forth
below. Each example 1s provided by way of an explanation
of the invention, not as a limitation of the invention. In fact,
it will be apparent to those skilled 1n the art that various
modifications and variations can be made 1n the mmvention
without departing from the scope or spirit of the mvention.
For instance, features 1llustrated or described as one embodi-
ment can be used on another embodiment to yield still a
turther embodiment. Thus, 1t 1s intended that the present
invention cover such modifications and varnations as come
within the scope of the appended claims and their equiva-
lents. It 1s to be understood by one of ordinary skill 1n the art
that the present discussion i1s a description of exemplary
embodiments only, and 1s not mtended as limiting the
broader aspects of the present invention, which broader
aspects are embodied exemplary constructions.

Generally speaking, the present invention 1s directed to
graphene-based 1on sensitive field eflect transistor (GIS-
FET) with high sensitivity and selectivity for 10ons, where the
GISFET can maintain 1ts stability of a time frame of at least
two months based on the specific combination of compo-
nents (e.g., 1onophore, polymer, and lipophilic salt) in the
ion selective membrane portion of the GISFET. For
example, 1n one particular embodiment, the GISFET of the
present invention can exhibit high sensitivity and selectivity
for K™ 1ons utilizing an ion selective membrane (ISM) that
includes valinomycin as an ionophore, a high molecular
weight block copolymer as the polymer, and potassium
tetrakis (4-chlorophenyl) borate (K-TCPB) as the lipophilic
salt. The sensitivity of the GISFET can be at least about 50
millivolts/decade and, as mentioned above, can be stable for
a time period of two months or more, indicating the GISFET
of the present mvention’s reliability and effectiveness for
physiological monitoring.

Referring now to FIGS. 1-4, the various features of the
GISFET and the system/device 1n which 1t 1s contained are
discussed in more detail. As shown 1n the perspective view
of FIG. 1 and the cross-sectional view of FIG. 2 taken at line
2-2 1 FIG. 1, the graphene 10on selective field effective
transistor 100 includes a graphene film 102 disposed on a
substrate 104. The substrate 102 can be any suitable sub-
strate material. In FIGS. 1 and 2, the substrate 104 can
include an msulator layer 104a (e.g., silicon dioxide (S10,))
disposed between the graphene film 102 and the substrate
material 1045 (e.g., silicon n™ doped), although it is to be
understood that the substrate 104 can include any other
material, such as a flexible polymer. The flexible polymer
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can also have low toxicity and be chemically inert such that
the graphene 10n selective field effect transistor 100 can be
used 1n biosensing applications. For instance, the substrate
104 can include a polymer such as polyethylene terephtha-
late (PET), polyethylene naphthalate (PEN), polyether ether
ketone (PEEK), polyimide (PI), or a combination thereof.

Regardless of the particular material from which the
substrate 104 1s formed, the graphene film 102 can be
disposed on an upper surface of the substrate 104, after
which a source contact 106 and a drain contact 108 can be
disposed on the graphene film 102, thus forming a graphene
channel 110. The source contact 106 and the drain contact
108 can be formed of one or more metals. In one particular
embodiment, the source contact 106 and the drain contact
108 can include titanium (11) and nickel (N1). For 1nstance,
the source contact 106 and the drain contact 108 can include
a first layer of T1 having a thickness ranging from about 10
nanometers to about 50 nanometers, such as from about 15
nanometers to about 45 nanometers, such as from about 20
nanometers to about 40 nanometers, and a second layer of Ni
having a thickness ranging from about 100 nanometers to
about 200 nanometers, such as from about 125 nanometers
to about 175 nanometers, such as from about 140 nanome-
ters to about 160 nanometers. As shown in FIGS. 1-4, a
source wire 116 and a drain wire 118 can be connected to the
source contact 106 and the drain contact 108, respectively,
for connection to a source contact pad 120 and a drain
contact pad 122 present on a printed circuit board 114, where
the contact pads 120 and 122 are then connected to a source
measurement unit (SMU) 140 for 10n detection. The source
wire 116 and drain wire 118 can be formed of a metal such
as gold.

Meanwhile, as shown in FIGS. 1-2, the 1on selective
membrane 112 1s disposed above the graphene channel 110
and can 1nclude a single 1onophore specific to the 10n to be
detected, a corresponding lipophilic salt, and a polymer. The
ISM can have a thickness ranging from about 0.25 microm-
eters to about 20 micrometers, such as from about 0.5
micrometers to about 15 micrometers, such as from about 1
micrometer to about 10 micrometers. An active sensing
window 126 for receiving a test solution to be detected for
its 10n concentration 1s formed by encapsulating the GISFET
100 with an encapsulant material 124 but ensuring that the
active sensing area 126 1s exposed and not coated with the
encapsulating material 124. Although any suitable encapsu-
lating material 124 can be used, 1n one particular embodi-
ment, the encapsulating material 124 can be an epoxy-based
resin.

Turning now to the specific components of the ISM 112,
the 1onophore can be selected depending on the specific 10n

that the GISFET device 101 1s designed to detect via the
GISFET 100. In one particular embodiment, when the
GISFET i1s configured to detect potassium ions (K¥), the

ionophore can include valinomycin. On the other hand, the
ionophore can be monensin when the GISFET 1s configured
to detection sodium 1ons (Na™), the ionophore can be cad-
mium 1onophore I when the GISFET 1s configured to detec-
tion cadmium ions (Cd**), and the ionophore can be calcium
ionophore V when the GISFET 1s configured to detection
calcium ions (Ca*™*).

Regardless of the particular 10n to be detected, the ISM
112 can include a lipophilic salt. where at least one of the
anion and the cation are lipophilic. Examples of lipohilic
salts that can be used 1n the ISM of the present invention
where the lipophilic species 1s amionic include potassium
tetrakis (4-chlorophenyl) borate (K-TCPB), sodium tetrakis

(4-fluorophenyl) borate, sodium tetraphenyl borate, ammo-
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nium tetrakis (chlorophenyl) borate, or a combination
thereof. Further quaternary borate salts of the formula X*™B
(R'R’R’R*)™ where B(RR’R’R™)™ is a lipophilic borate
anion, and X™ is a hydrophilic cation can also be used. In one
particular embodiment, the ISM 112 of the GISFET 100 can
include valinomycin as the 1onophore and potassium tetrakis
(4-chlorophenyl) borate (K-TCPB) as the lipophilic salt for
detecting potassium ions (K¥). Without intending to be
limited by any particular theory, the present inventors have
found that the mobile cation exchange sites of the lipophilic
salt can reduce the membrane resistance and activation
barrier for the cation-exchange reaction at the ISM/test
solution 1nterface, thus reducing the 1onic interference sig-
nificantly and thereby increasing the 1on-detection sensitiv-
ity of the GISFET device 101.

The polymer 1n the ISM can also be specifically selected
to enhance the sensitivity and stability of the GISFET
device. In one particular embodiment, the polymer can be a
copolymer having a high molecular weight. For instance, the

polymer can have a molecular weight ranging from about
100,000 Daltons to about 200,000 Daltons, such as from

about 125,000 Daltons to about 175,000 Daltons, such as
from about 140,000 Daltons to about 160,000 Daltons.
Further, the copolymer can be a two-phase system having a
continuous amorphous phase and a discontinuous crystalline
phase that cross-links the polymer. For instance, the copo-
lymer can be a block copolymer including monomers of
n-butyl acrylate in the continuous phase and methyl meth-
acrylate in the discontinuous phase. Further, the n-butyl
acrylate can be present in the copolymer i an amount
ranging ifrom about 82 wt. % to about 97.5 wt. %, such as
from about 85 wt. % to about 95 wt. %, such as from about
87.5 wt. % to about 92.5% based on the total weight of the
polymer, while the methyl methacrylate can be present 1n an
amount ranging from about 2.5 wt. % to about 18 wt. %,
such as from about 5 wt. % to about 15 wt. %, such as from
about 7.5 wt. % to about 12.5 wt. % based on the total weight
of the copolymer. Further, the resulting block copolymer can
have a low glass transition temperature that can range from
about -20° C. to about -60° C., such as from about -25° C.
to about =55° C., such as from about -30° C. to about -50°
C., where such a low glass transition temperature facilitates
casy 1on transportation across the ISM 112 towards the
graphene film 102. In addition, the copolymer can be
seli-plasticized. As such, the ISM 112 of the present inven-
tion 1s free of a separate plasticizer.

The weight percentage of the various ISM 112 compo-
nents (e.g., the 1onophore, the lipophilic salt, and the poly-
mer) can be specifically controlled to achieve the desired 1ion
selectivity and stability. For instance, the 1onophore can be
present 1n an amount ranging from about 0.5 wt. % to about
4 wt. %, such, as from about 1 wt. % to about 3.5 wt. %, such
as from about 1.5 wt. % to about 43 wt. % of the total weight
of the 10on selective membrane. Further, the lipophilic salt
can be present 1n an amount ranging from about 0.1 wt. %
to about 0.5 wt. %, such as from about 0.15 wt. % to about
0.4 wt. %, such as from about 0.2 wt. % to about 0.3 wt. %
of the total weight of the 10on selective membrane. In
addition, the polymer can be present 1n an amount ranging
from about 95 wt. % to about 99 wt. %, such as from about
96 wt. % to about 98.5 wt. %, such as from about 97 wt. %
to about 98 wt. % based on the total weight of the 1on
selective membrane.

Without intending to be limited by any particular theory,
the present imnventors have found that the specific compo-
nents and the respective weight percentages of the compo-
nents 1n the ISM 112 of the present invention results in the
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formation of an ISM having all of the necessary attributes
for a highly sensitive, selective, and reliable non-plasticized
polymeric ISM for biomedical and solid-state microfabrica-
tion 10n sensors. For mstance, the GISFET device 101 of the
present mvention 1s capable of detecting 1ons at concentra-

tions ranging ifrom about 0.5 micromolar (uM) to about 30
millimolar (mM), such as 0.75 uM to about 25 mM, such as
from about 1 uM to about 20 mM. Further, the GISFET
device 101 of the present invention exhibits an 10n sensi-
tivity of at least 50 millivolts/decade (mV/dec), such as from
about 50 mV/dec to about 100 mV/dec, such as from about
55 mV/dec to about 75 mV/dec, where such sensitivity
levels can be achieved for a time frame of at least 2 months,
indicating the enhanced stability of the GISFETs contem-
plated by the present invention. Further, 1n another embodi-
ment, the GISFET device 101 of one particular embodiment
of the present mvention 1s not sensitive to millimolar con-
centrations of Na* and Ca®*, although depending on the
specific 1onophore utilized, another GISFET device 101 of

the present invention may be sensitive to such 1ons.
A method for forming the GISFET 100 and GISFET

device 101 on which 1t 1s used will now be discussed 1in more
detail. First, the graphene film 102 can be synthesized using
chemical vapor deposition (CVD) mn a semi-automated
quartz tube furnace system, where monolayer, uniform gra-
phene over a large area can be grown on, for instance, a
metal foil such as a copper foil, where the foil can act as both
a substrate and catalyst. The metal fo1l can then be annealed
at a temperature ranging from about 900° C. to about 1100°
C. for a time frame ranging from about 30 minutes to about
4 hours under a continuous flow of H, and Ar gases prior to
graphene film 102 growth, which can be followed by the
graphene growth at a temperature ranging from about 950°

C. to about 1150° C. for a time {frame ranging from about 5
minutes to about 30 minutes under a continuous flow of
methane.

Next, the graphene film 102 synthesized on the foil can be
removed from the foil and used to fabricate a GISFET
device 100 as contemplated by the present invention. First,
the foil on which the graphene film 102 1s disposed can be
coated with a polymer (e.g., polymethyl methacrylate
(PMMA)) using a spin coater and can then be baked for a
time frame ranging from about 15 seconds to about 2
minutes at a temperature ranging from about 125° C. to
about 175° C. Next, the graphene {ilm 102 on the back side
of the foil can be removed by oxygen plasma etching, after
which the metal (e.g., copper) can be etched 1n ammonium
persulfate solution for a time period ranging from about 1
hour to about 4 hours, releasing the graphene film 102/
PMMA top layer. After rinsing in deionized water, the
graphene film 102/PMMA layer can be transiferred and
placed on the desired substrate 104 1n 1sopropyl alcohol and
allowed to dry for a time frame ranging from about 5
minutes to about 30 minutes. Finally, the substrate 104/
graphene film 102/PMMA layer can be soaked 1n acetone for
a time frame ranging from about 1 hour to about 4 hours to
remove the PMMA. Next, to fabricate the GISFET 100,
source and drain contacts 106 and 108 can be deposited on
the transierred graphene film 102 using an electron beam
evaporator, with the contact areas 106 and 108 defined by a
metal mask, forming a graphene channel 110.

Next, a solution containing the desired 1onophore, lipo-
philic salt, and polymer can be coated onto the graphene film
102 to form the ISM 112 and kept at room temperature for
a time period ranging from about 10 minutes to about 30
minutes for complete solvent volatilization and stable ISM
112 formation. In one particular embodiment, the solution
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can include a solvent such as tetrahydrofuran, where the
soluble components that ultimately form the ISM 112 (e.g.,

the 1onophore, lipophilic salt, and polymer) are present at a
concentration ranging ifrom about 100 mg/mlL to about 300
mg/ml, such as 140 mg/mL to about 240 mg/mlL, such as 5
from about 180 mg/mL to about 200 mg/mlL of solvent.
Further, for stable operation in an electrolytic environ-
ment, the GISFET 100 formed according to the method
described above can then be mounted onto a printed circuit
board (PCB) 114 to form a GISFET device 101 and the 10
source and drain contacts 106 and 108, respectively, can be
wire bonded via wires 116 and 118, respectively, to corre-
sponding contact pads 120 and 122 on the PCB 114. To
1solate and protect the source and drain contacts 106 and 108
and the bonding wires 116 and 118 from the conducting 15
aqueous environment in which the device 101 will be used,
an encapsulation layer 124 can be disposed around such
components. As shown in FIGS. 1 and 2, the encapsulation
layer 124 can be applied to the metal contacts 106/108, the
substrate 104, the graphene film 102, and the source and 20
drain wires 116 and 118, leaving a small window (on the 10n
selective membrane (ISM) 112 coated graphene film 102
exposed, where the window serves as the active sensing area
126 that comes 1n contact with the test solution 128 during
use ol the GISFET device 101, as shown 1n FIG. 4 and 25
discussed 1n more detail 1n the Example section below.

Example 1

In Example 1, GISFETs as contemplated by the present 30
invention were synthesized, characterized, and used to mea-
sure the concentration of K™ 1n distilled water.

Graphene Growth

Graphene samples used to fabricate the GISFETs were
synthesized using chemical vapor deposition (CVD) 1 a 35
semi-automated quartz tube furnace system. Brietly, mono-
layer, uniform graphene over a large area was grown on a
copper foil (Alfa Aesar, 99.999% purity), which acted both
as the substrate and catalyst. Methane was used as the
growth precursor, along with H, and Ar as the carrier gases, 40
which were delivered to the furnace using mass flow con-
trollers (MFCs, MKS Instruments) at nominal flow rates of
100, 100 and 900 standard cubic centimeters per minute
(sccm), respectively. The copper substrate was annealed at
1000° C. for 2 hours under a continuous flow of H, and Ar 45
gases prior to growth, which was followed by the graphene
growth at 1035° C. over a duration of 20 minutes under a
continuous flow of methane.

GISFET Chip Fabrication

Graphene films synthesized on Cu foils were used to 50
tabricate GISFET devices following a sequence of process-
ing steps as discussed below. To begin with, a Cu fo1l with
graphene film was coated with polymethyl methacrylate
(PMMA) using a spin coater and was then baked for 1
minute at 150° C. Next, the graphene layer on the back side 55
of the sample was removed by oxygen plasma etching
(Plasma FEtch, PE25-TW-HF), which was followed by Cu
etching 1n ammonium persulfate solution for over 3 hours,
releasing the graphene/PMMA top layer. After rinsing in
deiomized water, the graphene/PMMA layer was transierred 60
and placed on a S10, (300 nm thickness)/S1 (n™ doped)
substrate 1n 1sopropyl alcohol and allowed to dry for 15
minutes. Finally, the sample was dipped 1n acetone for 4

hours to remove the PMMA. To fabricate the GISFET,
titanium ('11) (30 nm thickness)/nickel (N1) (150 nm thick- 65
ness) source and drain contacts were deposited on the
transierred graphene using an electron beam evaporator,

10

with the contact areas defined by a metal mask. The gra-
phene channel formed had dimensions of 2 mmx1 mm.
High-quality S10, grown through a dry thermal oxidation
process was used to minimize any leakage current between
the metal contacts and the silicon substrate. To determine
their material qualities, the graphene films were character-
1zed using Raman spectroscopy (Renishaw Raman system,
InVia) and atomic force microscopy (D3100 from Veeco).

Valinomycin Based Ion Selective Membrane (ISM)
Preparation

To perform selective detection of K™ ions, a valinomycin
(Cs,HoNO), 5) based 1on selective membrane (ISM) with 5
um nominal thickness was spin-coated on the entire trans-
terred graphene area and kept at room temperature for 20
minutes for complete solvent volatilization and stable film
formation. The K™ 10n selective membrane was prepared by
dissolving 8 milligrams (mg) valinomycin, 1.10 mg potas-
sium tetrakis (4-chlorophenyl) borate (K-TCPB), and 390
mg block copolymer (made of methyl methacrylate (MMA)
and n-butylacrylate (nBA) monomers in the proportion of
1:10) 1 2.0 milliliters of tetrahydrofuran. To ensure opti-
mum device performance and reliability, a self-plasticized
methacrylate and nBA based copolymer was developed.
This block copolymer i1s a two-phase system; mostly con-
taining an nBA block, which forms a continuous amorphous
phase through which molecular transportation occurs rap-
1idly, while the methacrylate block forms a discontinuous,
crystalline phase that cross-links the structure. In addition,
the higher molecular weight of 151,000 Da of the methacry-
late and nBA copolymer provides suflicient polymer chain
entanglement to make the membrane more mechanically
robust and stable in harsh operating conditions, while main-
taining a very low predominant glass transition temperature
(—43.05° C.) that enables easy 1on transportation across the
membrane towards the graphene surface.

Furthermore, potassium tetrakis(4-chlorophenyl) borate
(K-TCPB) having mobile cation-exchange sites has been
dispersed 1n the polymer membrane, which reduces the
membrane resistance and activation barrier for the cation-
exchange reaction at the membrane/solution interface,
resulting 1 a significant reduction in 1onic 1nterfaces,
thereby 1ncreasing the 1on-detection sensitivity. Taken
together, the components of the resulting polymer mem-
brane formulation uniquely offer all the necessary attributes
for a lighly sensitive, selective, reliable non-plasticized
polymer membrane for biomedical and solid-state micro-
fabrication 10on sensors.

The valinomycin structure includes alternately bound
amide and ester bridges. The presence of the carbonyl group,
coupled with its unique doughnut-shaped structure enables
valinomycin to easily bind metal 10ns. Due to the size of the
potassium ion (1.33 A radius), valinomycin exhibits a very
high stability constant (K=106) toward the potassium 1on
compared to other metal 1ons. This results 1n a high degree
of selectivity compare to other complexes; i.e. Na™ ion with
a 0.95 A radius forms a 10,000 fold weaker valinomycin-
Na™ complex, and thus valinomycin 1s 10,000 more times
selective to K+ ions. While the K™ 1on by itself is able to
cross a single lipid bilayer, 1t has been shown that the
presence of valinomycin in the lipid layers makes the K*
ions freely permeable through multiple lipid bilayers. This
property was utilized in the present design of the 1on
selective layer to make 1t specifically permeable to K™ 1omns.
Another important advantage of using valinomycin when
designing a sensor to detect potassium 1s that 1t can act as a
functionalization layer on the graphene surface of the GIS-
FET, thus enhancing its sensitivity.
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Encapsulation

Referring to FIG. 3, for stable operation 1n an electrolytic
environment, the GISFET chip 100 was mounted on a
printed circuit board (PCB) 114 to form a system 100 and the
source and drain ohmic contacts 106 and 108, respectively,
were wire bonded via wires 116 and 118, respectively, to
corresponding contact pads 120 and 122 on the PCB 114. To
1solate and protect the metal contacts and the bonding wires
from the conducting aqueous environment, epoxy glue
(Epo-tech 301) was used to form an encapsulation layer 124
around them. The selected epoxy 1s biocompatible and
specially designed for medical electronics with USP Class
VI and/or ISO-10993 compliance. After careful mixing of
epoxy resin and curing agent (4:1), the mixture was applied
to the metal contacts 106/108, S10,/S1 chip/substrate 104,
and bonding wires 116 and 118, leaving a small window (2
mmx1 mm 1n dimension) on the 1on selective membrane
(ISM) 112 coated graphene film 102 as the active sensing
area 126 (to be in contact with the test solution 128), and
cured for 2 hours at 60° C. on a hot plate.
ISFET Electrical Properties and Performance Recording
Methods

The electrical characteristics of the fabricated graphene
FET and GISFET were studied thoroughly and systemati-
cally 1n the air and 1n an electrolytic solution, respectively.
Carrier mobility was measured using a back-gated FET
configuration, while Hall mobility measurements were car-
ried out using an HMS 3000 (Ecopia) system. The experi-
mental setup for measurements 1n the electrolytic solution
128 1s schematically illustrated in FIG. 4, where details of
the device 101 are also shown 1n FIGS. 1-3. The Ag/AgCl]
reference electrode 136 was used to apply a top-gate bias for
obtaming the [,-V,, characteristics of the GISFET 100 1n a
test solution 128 contained within a beaker 132. For the I-V
measurement, dc bias for V, and V__ was supplied by a
precision source measure unmit 140 (SMU, Keysight
B2902A), while simultaneously measuring 1 ,.. The device
101 response was studied by varying the K™ ion concentra-
tion from 1 M to 20 mM 1n distilled water, 1n Tris-HCI
solution, as well as 1n 140 mM NaCl solution (imitating the
Na™ ion concentration in a typical physiological solution).
Test electrolytes with desired 1onic concentrations were
realized using carefully prepared stock solutions transterred
using micropipettes 130, where the test solution 128 was
uniformly mixed in the beaker 132 via a stir bar 134. The
measured 1,.-V ., curves show typical V-shaped I-V charac-
teristic underlining sharp transition from p- to n-type gra-
phene upon application of top-gate bias.
Structural Characterization

FIG. 5(a) shows a typical Raman spectrum for our
samples with signature D, G and 2D peaks. The ID/IG ratio
of about 0.17 indicates good quality of the graphene layers.
The 2D peak full width at half maximum (FWHM) value of
about 26.8 cm™", and the intensity ratio of the 2D band (at
2682 cm™") and G band (at 1585 cm™") was 3.2, indicating
the presence of a single layver of monolayer graphene. The
inset of FIG. 5(a) shows an atomic force microscopy (AFM)
morphology 1mage (2.5 mx5 m) taken from a transierred
graphene film 102 after undergoing an annealing process,
which was carried out 1n a quartz tube at 400° C. for 2 hours
in the forming gas environment to remove any residue of
PMMA. The right inset AFM 1mage showed smooth and
continuous graphene film 102, exhibiting folds that are
commonly observed after transier.
Electrical Characterization

Charge carrier mobility 1s an important parameter directly
aflecting the sensitivity of the graphene ISFET device.
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Therefore, the back-gated FET mobility was measured, as
well as Hall mobility before moving on to GISFET device
101 fabrication. Referring to FIGS. 1-3, for measuring FET
mobility, T1/N1 metal stacks were deposited on the trans-
terred graphene film 102 to form source contact 106 and
drain contact 108, with a graphene channel 110 of dimen-
sions of 2.8 mmx1.5 mm between them. The highly doped
silicon layer 1045 was used as the back gate of the substrate
104 with 300 nm S10, as the 1nsulator layer 104a disposed
between the silicon layer 1045 and the graphene film 102.
Thel, -V, plot (see F1G. 3(b)) 1s ambipolar in nature which
1s a direct consequence of linear dispersion relation 1in
graphene with zero band gap. The Dirac point was observed
at V,,=41.6 V. A positive Dirac point indicates that CVD
grown graphene transferred on S10, 1s p-type in nature,
which 1s expected and commonly observed. The FIG. 5(c¢)
plot shows a linear 1,-V . family of curves where the
back-gate bias varies from 0 to 47 V at a V,, increment of
5.22 V. A good back gate modulation was observed (sup-
porting expected p-type graphene behavior), and the FET
hole mobility was calculated using the formula p...=(g_1.)/
(WCoxV ). Here g_ 1s the transconductance (3l,,/0VGS)
at the p-type graphene side, L and W are the length and
width of the graphene channel 110, respectively, and Cox 1s
the oxide capacitance per unit area. Using an extracted g,
value of 3.45x10™> S from the 1,-V _ characteristic, the
mobility was found to be 3250 cm®/Vs, which is comparable
to the mobility of typical high quality graphene transterred
on S10,.

Hall mobility measurement was also carried out on the
same graphene sample and compared to the FET mobaility.
To measure Hall mobility, a 6x6 mm square shape graphene
film was transferred on the S10, substrate, and simple
indium (In) press contacts were established on each of the
four corners of the sample. The Hall mobility of the gra-
phene sample was measured to be 2660 cm®/Vs, which is
comparable to the FET mobility extracted above, with the
reduction attributable to the bigger size of the graphene layer
used for Hall measurements (6 mmx6 mm) compared to
FET (1.5 mmx2.8 mm), which exhibits an average mobility
over a larger area that 1s typically smaller.

GISFETs Measurements of K* Ionic Concentration 1 Dis-

tilled Water

After fabrication of the GISFET, detailed electrical char-
acterization was performed and investigated the K™ sensi-
tivity of the GISFET in distilled water based K™ 1on solution
was mvestigated. The variation in drain current with top gate
voltage (1,-V,, characteristics) was measured using a stan-
dard Ag/AgCl reference electrode (where the gate voltage
was applied), 1n a test electrolyte solution of vaniable KCI
concentration, and the results are plotted in FIG. 6(a). The
Dirac point in the I,-V,, plots can be seen to vary from
0.2-0.7 V, which 1s a dramatic reduction compared to the
Dirac point of about 40.6 V measured for the same FET 1n
air prior to valinomycin coating (please refer to FIG. 5(b)).
This large change 1n Dirac point can be attributed primarily
to the strong electron donating nature of the valinomycin
molecule which possesses 6 amides (RnE(O)xNR',) func-
tional groups. Indeed, separate experiments conducted on
back gated FETs 1n ambient conditions indicate that a large
Dirac point shift, by 20-30 V, can be caused by valinomycin
coating, which donates electrons to p-type graphene to shiit
the Dirac point closer to 0 V. Another important point to note
here 1s that the high capacitance of the electrical double layer
(EDL), formed at the interface of graphene and the electro-
lytic solution, enables the ISFET device to operate at a much
narrower voltage range (1.e., charge density and Fermi level
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changes much more rapidly with applied top gate voltage;
g change from about 10~ S for back-gate FET to about
10~ S for top-gate FET), which offers a significant advan-
tage for practical sensor design. Indeed, the capacitance for
a back-gated FE'T can change by orders of magnitude from
the nF/cm” range in air (closely matching our extracted
capacitance of 11.5 nF/cm?®) to the F/cm® range in the
clectrolytic environment. From FIG. 6(a), 1t 1s also observed
that the Dirac point shifts very significantly, from 0.57 V to
0.29 V, as the K™ concentration increases from 1 M to 20
mM. Such a movement of the Dirac point to lower values 1s
expected since the K* 1ons near or at the graphene surface
induces higher electron concentration (1.e., reduces hole
concentration in p-type graphene), thereby moving the
Fermi level closer to the charge neutrality point, and con-
sequently lowering the Dirac point. Such a lowering of the
Dirac point due to adsorption of positively charged 1ons 1s
also observed commonly for H™ ions in a pH ISFET.
Sensitivity and Response Time

Since sensitivity and response time are two critical param-
cters for any sensor, these parameters were carefully exam-
ined for the GISFET of the present invention. A commonly
used method to determine the sensitivity of ISFETs (.e.,
commercial S1 ISFETs) 1s to look at the shift in threshold
voltage (equivalent to the shift in Dirac point of the GIS-
FET) as a function of the change in K¥ 1on concentration.
The change 1n Dirac point as the K+ 1on concentration was
varted from 1 uM to 20 mM (this includes the range of
interest for cellular efflux of 10 uM-1 mM) can be deter-
mined from FIG. 6(5) to be about 280 mV, and hence the
sensitivity can be calculated as 64 mV/decade (FIG. 6(b)),
which 1s very comparable to that obtained from the Si-based
ISFET devices.

Another method (commonly used for chemical sensors) to
determine the sensitivity and the response time 1s to deter-
mine the magnitude and temporal varniation of the ISFET
drain current as the K™ 1on concentration 1s changed in steps.
To this end, were corded the I, as a function of time for
various K™ concentrations (for a fixed value of V) using a
data acquisition unit (DAQ, Keysight34972A); and the
results are shown in FIG. 6(c). A plot of the concentration
change from 100 uM to 1 mM (corresponding to typical
cellular efllux) 1s shown 1n the mnset of FIG. 6(c) to calculate
the response time and current change based sensitivity (Al/],
similar to the sensitivity calculated for chemical sensors). As
can be seen, the current changes from 528 to 563 amps (A),
corresponding to a fractional change in current of about
6.6% per decade change in K™ 1on concentration. Fitting the
time-dependent response plot with an exponential function,
a time constant T of about 7.1 seconds (s) can be extracted,
which 1s very close to the best values of about 5 s observed
for commercial pH sensors (Topac, S1600 Advanced pH
meter).

Measurements of K™ Ionic Concentration in Tris-HCI1 Solu-
tion and High Na™ Concentration

To determine the applicability of the GISFETs for K™ 10n
measurements 1 physiological solution, its performance
was 1nvestigated 1n a 0.1 M tris-HCI solution with pH 7.4
(from VWR), which 1s commonly used 1n buller solutions
for biochemistry and molecular biology experiments (i.e.,
Protein Electrophoresis, Western Blotting and Nucleic Acid
Agarose Electrophoresis). The results for K™ ion sensing are
illustrated 1n FI1G. 7(a) where the Dirac point 1s found to shait
by 275 mV for a 4.3-decade change in K* concentration,
exhibiting a sensitivity of 64 mV/decade, which 1s exactly
same as that obtained for K* concentration variation in
distilled water discussed above.
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To further test the suitability of the sensor of the present
invention for usage 1n physiological solutions, where typi-
cally a very high (e.g., about 150 mM) background concen-
tration of Na™ is present, the performance of the device in
concentrated NaCl solution (140 mM) was tested. The
sensitivity 1s found to be 65 mV/decade in the sensing range
of 10 uM-20 mM, showing very similar sensitivity to the
distilled water based solution. Below 10 uM, reliable sens-
ing of the K* 1on varniation was found to be diflicult as the
high Na™ concentration increased the K™ ion sensing base-
line (this 1s actually expected based on the expected selec-
tivity of 10,000 for K™ 1ons relative to Na™ 1ons as discussed
above). Nonetheless, the operational range of the sensor
completely covers the concentration range of interest for
cellular efflux measurements of 10 uM-1 mM (see discus-
sion above).

Ion Selectivity of GISFETs

Although graphene-based ISFETs have been extensively
studied for pH sensing or Na* sensing by many research
groups, the 1on-selectivity aspect in generally not ivesti-
gated 1n detail, although 1t 1s one of the most important
characteristics of any sensor. In this research, the ISFETSs
were made so that 1t was selective to K* 1ons by coating
them with valinomycin based ISM. Details of the mecha-
nism and preparation for the ISM coating have been dis-
cussed herein. In a device structure, when the device 1s
interfacing with an electrolyte solution, valinomycin in ISM
selectively traps only K™ 1ons from the solution, forming a
valinomycin-K* complex, which can further transit to the
vicinity ol graphene surface. The electrical field exerted
from the captured K™ ions affects the conductivity of gra-
phene channel and thus induces an electrical sensing signal.
The 10on selectivity of the sensor was studied by comparing
the responses of the GISFETs to common background ions
Ca** and Na* vis-a-vis the K* ions. FIGS. 7b and 7¢ present
the responses to Na* and Ca** ions over the range of 1 uM-1
mM. It was found that even though the concentration of
these 10ns changed by 3 orders of magnitude, the Dirac point
did not shift, clearly highlighting the high selectivity of the
GISFETs of the present invention with respect to these
interfering ions. In contrast, a large response was observed
for K 1ons 1n distilled water based solution and also 1n
presence ol high interfering ionic concentration (i.e., 140
mM Na™) as already discussed in detail above. This clearly
underlines the high selectivity of one embodiment of the
GISFET sensor of the present invention for K* using a
valinomycin-based 1on selective membrane, although it 1s to
be understood that other stable 10n selective membranes can
be formed for other 1ons of interest as discussed 1n detail
above.

Repeatability and Reliability of GISFET Device

For robust 1on sensing applications, the 1onic concentra-
tion measurements by the ISFET need to be reliable and
repeatable. To study this, the performance of a GISFET was
recorded over a period of two months by periodically
measuring 1ts sensitivity to K™ ion concentration. The results
are shown in FIG. 8(a), which shows an average sensitivity
of 61 mV/dec over a course of two months with a standard
deviation of 4.6 mV/dec. It should be noted that the sensi-
tivity of the device exhibits a range bound fluctuation over
the course of the month instead of exhibiting any monotoni-
cally varying trend, which rules out steady degradation of
the ISFET device over time, unlike widely observed for its
S1 counterparts. The cause for such small fluctuations are
still under mvestigation but likely contributed by randomly
varying experimental and environ-mental factors. For a
grven measurement the 1onic concentration was measured at
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least 3 times by the GISFET sensor, which was found to be
highly repeatable, with only 1% deviation from the mean
sensitivity value.
GISFET Device on Polymer Substrate

Fabrication of ISFETs on flexible substrates 1s highly
attractive for implantable biosensing applications. Unlike
Si-based ISFETs, graphene 1s inherently compatible with
flexible substrates due to its own flexible nature and easy
transier process of chemical vapor deposition (CVD) of
graphene to various substrates without undergoing any cum-
bersome {fabrication process. Polyethylene terephthalate
(PET) 1s a material widely used for numerous applications
involving our daily life (i.e., i bottles, packaging materials
etc.) due to 1ts extremely low toxicity and low cost. It 1s also
a material of choice for technical applications (1.e., automo-
tive and electronics) owing to 1ts excellent dielectric strength
and chemical inertness. In this example, the feasibility of
tabricating high-performance graphene-based ISFETs on a
PET substrate was investigated. The fabrication steps and
materials used are very similar to the GISFETs on S10,/51
substrate, except the substrate itself 1s replaced with PET.
The performance of GISFETs on PET was determined 1n the
same way as discussed above, and the results are shown 1n
FIG. 8(b). It was found that the K™ 1on sensitivity was about
63 mV/dec (272 mV/4.3 decades), which 1s essentially
unchanged compared to that measured for S1/S10,, substrate
(about 64 mV/dec). The selectivity of the graphene ISFET
on PET, with respect to Na™ and Ca,™ ions, also turns out to
be very similar to that observed tfor the ISFET on S10,/S1
substrate. Both the selectivity and sensitivity results clearly
indicate the strong promise of PET substrate for realizing
high-performance graphene ISFETs for implantable bio-
sensing applications. The stable performance of GISFETSs 1n
different solutions and/or fabricated on different substrates

are shown 1n FIG. 8(c¢).

CONCLUSIONS

In conclusion, a novel ISFET device capable of perform-
ing highly sensitive and selective detection of K* 1ons 1n
vartous media over a wide 1onic concentration range of 1
uM-20 mM. The sensitivity exhibited by the sensor of
61x4.6 mV/decade over a duration of two months 1s very
comparable to the best Si-based ISFETs available commer-
cially, while the sensor response to intertering Na* and Ca,,”
ions were found to be negligible. The K™ ion detection
performance of the sensor remained unaltered 1n presence of
orders of magnitude higher Na™ concentrations, and also in
Tr1s-HCI solution, indicating the effectiveness of the sensor
for sensing in physiological solutions. The sensor pertor-
mance also did not change significantly with repeated testing,
over a period of two months highlighting 1ts robustness and
reliability. When fabricated on a PET substrate, the sensor
shows very similar performance, which 1s highly encourag-
ing for developing tlexible bio-implantable graphene-based
ISFETs.

Example 2

In Example 2, GISFETs as contemplated by the present
invention were fabricated as described 1n Example 1 and
were then used to measure the K™ efflux of human colonic
epithelial cells. FIG. 9 1s a schematic illustrating the use of
the graphene 10n sensitive field eflect transistor (GISFET) of
the present invention to determine the K™ efflux from cells.

Specifically, human colonic T84 epithelial cells were used
to 1nvestigate performance ol the GISFET of the present
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invention. The Ca**-activated non-selective cation (NSC)
channels on the T84 cells were activated with Ca** iono-

phore A23187 (1 mM), and then the corresponding K™ efflux
was detected and quantified by measuring the extracellular
K+ 1on concentration.

First, and referring to FI1G. 9, cells 150 were plated on 25
millimeter diameter graphene-coated glass coverslips 148
and placed underneath of a specially designed mold 146 1n
a well plate 144. Then, a 1.5 mL of physiological solution
152 (normal saline solution consisting of 140 mM NaCl, 5
mM KCI, 1 mM CaCl2, 1 mM MgCl2) was added to the well
plate 144 to maintain cell’s living environment, which also
served as a buller solution 1n the experiment. To drive and
record the GISFET’s sensing current, a source measure unit
140 (Keysight B2900A) tethered to a control PC 142 for data
analysis was connected to the reference electrode and two
clectrodes on the GISFET 101. The 1on-selective field eflect
transistor (ISFET) chip 100 of the GISFET 101 was in
contact with the solution 152 as shown.

Referring now to FIG. 10, after about 2 minutes of
stabilization of the GISFET 101 1n the bufler solution 152 1n
the well plate 144, the A23187 activating chemical was
added to the well plate 144, which caused a consistent
increase in current for about 20 minutes thereafter. The
increasing current indicates the T84 cells’ K™ ion efflux from
the NSC channel was in fact activated by A23187. By
calculating the K™ concentration based on the calibration
data, the K* concentration could then be determined to be
about 50 uM. The value generally corresponds to earlier
reports where a commercial ISFET and traditional patch
clamp technique were used to determine K™ concentration,
thus showing the feasibility of the GISFET of the present
invention to be used in cell-based applications.

In addition, FIG. 11a 1s an image showing the presence of
cells grown on an uncoated glass coverslip as visualized via
the fluorescent dye calcein-AM, while FIG. 115 1s an 1mage
showing the presence of cells grown on graphene-coated
coverslip as visualized via the fluorescent dye calcein-AM.
As shown from a comparison between the two 1mages, the
cells 150 appear to grow normally 1n culture on the gra-
phene-coated glass coverslips 148, where no viability or
morphological differences could be found when compared to
cells grown directly on a glass coverslip not coated with
graphene. This means that cells can be cultured directly on
the GISFETs of the present invention in order to detect ions
such as K* for drug screening assays, toxicity assays, etc. in
an environment that does not negatively impact the cells
compared to their natural environment.

Example 3

In Example 3, the feasibility of forming an array of
GISFETs was evaluated, where such an array could be used
to run multiple assays on a testing solution contained 1n a
single reservoir. FIG. 12 1s a top view of an array 200
containing a plurality of GISFETs contemplated by the
present invention. As shown, the array 200 can include a
PCB 114 containing a plurality of GISFETs, where each
GISFET has its own source contact 106 and drain contact
108 which can be disposed on a graphene film to form a
graphene channel 110 that can define a sensing window 126
as described 1n detail above. Further, although not shown 1n
the array 200, 1t 1s to be understood that the array can include
an 1on selective membrane 112 that 1s disposed above the
graphene channel 110 and can include a single 1onophore
specific to the 10n to be detected, a corresponding lipophilic
salt, and a polymer. In addition, the active sensing window




US 10,900,927 B2

17

126 for receiving a test solution to be detected for its 1on
concentration or any other parameter to be tested 1s formed
by encapsulating each GISFET 1n the array 200 with an
encapsulant material 124 but ensuring that the active sensing
area 126 1s exposed and not coated with the encapsulating

material 124.
As shown i FIG. 12, the array 200 can include 25

GISFETS (e.g., Al through E5 as shown 1n FIG. 12), where
the array 200 can be contacted with a test solution such as
test solution 152 described in Example 2, where each
GISFET 1n the array 200 can test for a different parameter
or electrical characteristic. For instance, FIG. 134 1s a graph
illustrating the I -V of the GISFET A3 shown in FIG. 12,
FIG. 135 1s a graph 1illustrating the [ -V, of the GISFET C3
shown 1n FIG. 12, and FIG. 13c¢ 1s a graph 1illustrating the
[V, of the GISFET B4 shown in FIG. 12. Additionally or
alternately, the array can enable mapping out the K™ ion
spatial concentration variation in real time.

Further, although 25 GISFETs are shown 1n the array of
FIG. 12, 1t 1s to be understood that the array can include at
least two and to up to about 100 GISFETs, and any number
of ranges therebetween, such as from 2 to 50 GISFETS,
from 3 to 40 GISFETs, etc. The embodiments of the inven-
tion described above are mtended to be exemplary only. The
scope of the mvention i1s therefore intended to be limited
solely by the scope of the appended claims.

It 1s appreciated that certain features of the invention,
which are, for clanity, described 1n the context of separate
embodiments, may also be provided in combination 1n a
single embodiment. Conversely, various features of the
invention, which are, for brevity, described in the context of
a single embodiment, may also be provided separately or 1n
any suitable subcombination.

Although the invention has been described 1n conjunction
with specific embodiments thereof, it 1s evident that many
alternatives, modifications and variations will be apparent to
those skilled 1n the art. Accordingly, 1t i1s intended to
embrace all such alternatives, modifications and variations
that fall within the spirit and broad scope of the appended
claims. All publications, patents and patent applications
mentioned 1n this specification are herein incorporated in
their entirety by reference 1nto the specification, to the same
extent as iI each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated herein by reference. In addition, citation or
identification of any reference 1n this application shall not be
construed as an admission that such reference 1s available as
prior art to the present invention.

What 1s claimed:

1. A graphene 10n selective field eflect transistor compris-
ng:

a substrate:

a graphene film disposed on the substrate; and

an 10n selective membrane disposed on the graphene film,

wherein the 1on selective membrane comprises an
ionophore, a lipophilic salt, and a polymer; the polymer
being a block copolymer having a continuous amor-
phous phase and a discontinuous crystalline phase and
having a molecular weight ranging from about 100,000
Daltons to about 200,000 Daltons.

2. The graphene 10n selective field eflect transistor of
claim 1, wherein the polymer has a glass transition tempera-
ture ranging from about -20° C. to about -60° C.

3. The graphene 10n selective field eflect transistor of
claim 1, wherein the continuous amorphous phase comprises
n-butyl acrylate and the discontinuous crystalline phase
comprises methyl methacrylate.
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4. The graphene 1on selective field effect transistor of
claam 3, wheremn the n-butyl acrylate 1s present in the
polymer 1n an amount ranging from about 82 wt.% to about
97.5 wt.% and the methyl methacrylate 1s present in the
polymer 1n an amount ranging from about 2.5 wt.% to about
18 wt.%.

5. The graphene 10n selective field eflect transistor of
claim 1, wherein the 10n selective membrane 1s selective for
potassium 1ons, sodium 1ons, calcium 1ons, or cadmium 10ns.

6. The graphene 10on selective field eflect transistor of
claim 5, wherein the 10n selective membrane 1s selective for
potassium 1ons.

7. The graphene 10n selective field eflect transistor of
claim 6, wherein the 1onophore comprises valinomycin.

8. The graphene 10on selective field effect transistor of
claam 1, wherein the lipophilic salt comprises potassium
tetrakis (4-chlorophenyl) borate (K-TCPB), sodium tetrakis
(4-fluorophenyl) borate, sodium tetraphenyl borate, ammo-
nium tetrakis (chlorophenyl) borate, or a combination
thereof.

9. The graphene 10n selective field eflect transistor of
claim 1, wherein the 1onophore 1s present 1s present 1n an
amount ranging from about 0.5 wt.% to about 4 wt.% of the
total weight of the 10n selective membrane.

10. The graphene 1on selective field effect transistor of
claim 1, wherein the lipophilic salt 1s present 1n an amount
ranging from about 0.1 wt.% to about 0.5 wt.% of the total
weilght of the 1on selective membrane.

11. The graphene 1on selective field effect transistor of
claam 1, wherein the polymer 1s present in an amount
ranging from about 95 wt.% to about 99 wt.% of the total
weight of the 1on selective membrane.

12. The graphene 1on selective field effect transistor of
claim 1, wherein the 10n selective membrane has a thickness
ranging from about 0.25 micrometers to about 20 microm-
eters.

13. The graphene 1on selective field effect transistor of
claam 1, further comprising a source contact and a drain
contact, wherein the substrate, the graphene film, the source
contact, and the drain contact are encapsulated, leaving a
portion of the 10on sensitive membrane exposed for receiving
a test solution.

14. The graphene 1on selective field effect transistor of
claam 1, wherein the graphene 1on selective field eflect
transistor 1s stable for at least two months.

15. The graphene 1on selective field effect transistor of
claam 1, wherein the graphene 10on selective field eflect
transistor detects 1ons at concentrations ranging from about
0.5 micromolar to about 20 millimolar.

16. The graphene 1on selective field effect transistor of
claam 1, wherein the graphene 10on selective field eflect
transistor exhibits an 1on sensitivity of at least about 50
millivolts/decade.

17. The graphene 1on selective field effect transistor of
claim 1, wherein the substrate comprises silicon polyethyl-
ene terephthalate (PET), polyethylene naphthalate (PEN),
polyether ether ketone (PEEK), polyimide (PI), or a com-
bination thereof.

18. An 10n sensing device comprising the graphene 1on
selective field eflect transistor of claim 1, wherein the

graphene 10n selective field eflect transistor 1s mounted onto
a printed circuit board.

19. An array comprising at least two of the graphene 10n
selective field eflect transistor of claim 1.
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20. A method of forming the graphene 1on selective field
ellect transistor of claim 1, the method comprising:

positioning the graphene film on the substrate;

depositing a source contact and a drain contact on the
graphene {ilm; 5

coating a solution containing the 1onophore, the lipophilic
salt, and the polymer onto the graphene film to form the
ion selective membrane, wherein the polymer 1s the
block copolymer having the continuous amorphous
phase and the discontinuous crystalline phase and hav- 10
ing the molecular weight between 100,000 Daltons and
200,000 Daltons; and encapsulating the graphene 10on
selective field eflect transistor such that a portion of the
ion selective membrane 1s exposed.

x x * Cx x 15
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